Impairment in social reciprocity is a central component of autism. In preclinical studies, arginine vasopressin (AVP) has been shown to increase a range of social behaviors, including affiliation and attachment, via the V 1a receptor (AVPR1A) in the brain. Both the behavioral effects of AVP and the neural distribution of the V1a receptor vary greatly across mammalian species. This difference in regional receptor expression as well as differences in social behavior may result from a highly variable repetitive sequence in the 5′ flanking region of the V1a gene (AVPR1A). Given this comparative evidence for a role in inter-species variation in social behavior, we explored whether within our own species, variation in the human AVPR1A may contribute to individual variations in social behavior, with autism representing an extreme form of social impairment. We genotyped two microsatellite polymorphisms from the 5′ flanking region of AVPR1A for 115 autism trios and found nominally significant transmission disequilibrium between autism and one of the microsatellite markers by Multiallelic Transmission/Disequilibrium test (MTDT) that was not significant after Bonferroni correction. We also screened approximately 2 kb of the 5′ flanking region and the coding region and identified 10 single nucleotide polymorphisms.
Introduction
One of the core features of autism (MIM 209850 ) is impairment in social behavior, such as reciprocal social interaction and communication. Although neurobiological bases of social behavior are very complex, two related neuropeptides, oxytocin (OT) and arginine vasopressin (AVP) have been shown to play a role in social behaviors through comparative neurobiological studies. 1 AVP acts through the V 1A receptor (AVPR1A) in the brain. The behavioral effects of AVP and the neuroanatomical distribution of AVPR1A vary greatly between species with different patterns of social organization. For instance, centrally administered AVP increases affiliative and attachment behavior in the highly social, monogamous prairie vole, but not in the relatively asocial montane vole. The pattern of AVPR1A distribution is markedly different in these vole species, with the monogamous vole showing a high density of receptors in reward pathways. While no significant species differences have been found in the coding regions of avpr1a, the 5′ flanking region differs greatly between species. Between 1151 and 723 bp upstream from the transcription start site, the prairie vole has a 428-bp repetitive sequence that is absent in the montane vole. This difference in the 5′ flanking region may be significant, as mice transgenic for the prairie vole avpr1a with its repetitive sequence have a similar neuroanatomic pattern of receptor binding to that of the prairie vole and exhibit increased affiliative behavior after injection with AVP. 2 It is unclear at this time whether AVP modulates human social behaviors as it does in other mammalian species; although there is evidence that central AVP modulates cognitive func-tions in humans, such as improving performance on memory tasks. 3 However, based on the rodent studies, it is reasonable to hypothesize that mutations affecting human AVPR1A expression could have a significant effect on social phenotype.
The human AVPR1A has been cloned and mapped to the chromosome 12q14-q15 region. 4 The gene encodes a 418 amino acid protein with seven putative transmembrane domains. The human AVPR1A consists of two coding exons separated by a 2.2-kb intron located before the seventh transmembrane domain of the receptor sequence. The first exon contains 2 kb of 5′ untranslated region (UTR), and the second exon includes 1 kb of 3′ UTR. The transcription start site was identified 1973 bp upstream of the translation initiation site. Thibonnier and colleagues 5 characterized four microsatellite motifs. A (GT) 14 -(GA) 13 -(A) 8 microsatellite is located 2983 bp downstream of the transcription start site, within the intron. Three other microsatellites are present in the 5′ flanking region of AVPR1A: a (GT) 25 dinucleotide repeat, a complex (CT) 4 -TT-(CT) 8 -(GT) 24 motif and a (GATA) 14 tetranucleotide repeat located respectively 3956 bp, 3625 bp and 553 bp upstream of the transcription start site. 5 Given its role in social behavior, we explored the possibility that AVPR1A may be in linkage disequilibrium with autism. We genotyped the two upstream repeats nearest the transcription start site, the complex (CT) 4 -TT-(CT) 8 -(GT) 24 motif and the (GATA) 14 tetranucleotide repeat, in 115 autism trios and conducted a family-based association test using the Multiallelic Transmission/Disequilibrium test (MTDT). We also screened approximately 2 kb of 5′ flanking region and the coding region of this gene for variation.
Materials and methods

Subjects
Consecutive subjects consenting to participate in a family-based association study of candidate loci for autistic disorder were studied between January 1995 and July 1999 at the University of Chicago Developmental Disorders Clinic and between October 1997 and September 1998 at the Laboratory for Research on the Neuroscience of Autism, Children's Hospital Research Center, La Jolla. In the current analysis, inclusion criteria were: chronological age greater than 32 months of age; Autism Diagnostic Interview-Revised (ADI-R) 6 diagnosis of autistic disorder; Autism Diagnostic Observation Schedule (ADOS) 7 diagnosis of autistic disorder or autism spectrum disorder; DSM-IV 8 diagnosis of autistic disorder by a child psychiatrist or child neurologist and by a clinical psychologist; availability of sufficient DNA or blood for DNA extraction from each proband and both parents; negative molecular diagnostic test for Fragile X syndrome (FRAXA); negative Wood's lamp examination for tuberous sclerosis, and absence of focal neurological signs of a specific syndrome (other than autistic disorder or mental retardation); non-verbal IQ greater than or equal to 35; and non-verbal mental age greater than or equal to 18 months. A subject was excluded if any of the inclusion criteria were absent or had any specific diagnosis (eg 15q11-q13 duplication, Rett syndrome, Angelman syndrome). The sample consisted of 115 trios. Of the probands, 98 were male and 17 were female. Ninetyfour were Caucasian, seven were African-American, eight were Asian-American, and six were Hispanic.
Microsatellite genotyping
The primers used to characterize the microsatellites are shown in Table 1 . Multiplex PCR reactions were performed in a 10 l volume containing 50 ng of DNA; 200 M dNTPs; 2.5 mM MgCl 2 ; 0.3 units of AmpliTaq Gold DNA Polymerase (Applied Biosystems). PCR products were injected on the ABI PRISM 310 Genetic Analyzer (Applied Biosystems, Foster City, CA, USA) and sized with 310 GeneScan Analysis 2.02 and Genotyper 2.5 software (Applied Biosystems).
Mutation screening
Approximately 2 kb of 5′ flanking region and the coding region of genomic DNA from 10 unrelated autism probands were screened for variation. In addition, relatives of autism probands were also screened when a rare polymorphism was detected to determine that the mutation was transmitted rather than de novo. Ten sets of primers were designed (Table 2) . PCR reactions were conducted using AmpliTaq Gold DNA Polymerase. PCR products were extracted using the QIAquick Gel Extraction Kit (Qiagen, Valencia, CA, USA). Cycle sequencing was performed using the ABI PRISM BigDye Terminator Cycle Sequencing Ready Reaction Mix. All PCR and cycle sequencing reactions were performed on the Perkin Elmer 9700 thermocycler. Sequencing fragments were separated by capillary electrophoresis and detected via laser-induced fluorescence on an ABI PRISM 3700 Genetic Analyzer using POP6 polymer in the GENOCORE shared facility at the University of Chicago.
Statistical analysis
Prior to performance of TDT analysis, the PedCheck program was used to identify and eliminate all Mendelian inconsistencies in the family data set. 9 Linkage disequilibrium was estimated by the program, 2LD (htt p://www.iop.kcl.ac.uk/IoP/Departments/PsychMed/G EpiBSt/software.stm). Transmissions were determined using the sibtdt program of ASPEX version 2.3 (ftp://la hmed.stanford.edu/pub/aspex/index.html). If an allele occurred less than five times in all heterozygous parents, it was combined with other alleles with a count less than 5. After TDT was performed for each allele, the multiallelic TDT (MTDT) chi-square value was calculated by summing the TDT chi-square values for each allele of the marker. This sum was multiplied by (k−1)/k, where k is the number of alleles. The significance of the resulting MTDT chi-square value was then estimated for k−1 degrees of freedom. 10 Post-hoc haplotype analysis was performed. Family structure was used to deduce haplotypes. In eight trios, haplotypes 14 gtttcttACCTCTCAAGTTATGTTGGTGG could not be unambiguously determined and these were not included in the haplotype analysis. 24 motif and a (GATA) 14 tetranucleotide repeat, which are 3625 bp and 553 bp upstream of the transcription start site were genotyped to test for potential transmission disequilibrium with autistic disorder. For the complex (CT) 4 -TT-(CT) 8 -(GT) 24 marker, 16 alleles were identified, and observed heterozygosity was 88.2%. For the (GATA) 14 tetranucleotide repeat marker, nine alleles were identified, and observed heterozygosity was 70.5%. Linkage disequilibrium between the two markers was relatively strong (D′ −0.76).
Results
A complex (CT) 4 -TT-(CT) 8 -(GT)
TDT analysis
The transmission data of microsatellites from AVPR1A 5′ flanking region are shown in Table 3 . Nominally significant transmission disequilibrium was found between autism and the complex (CT) 4 -TT-(CT) 8 -(GT) 24 marker (MTDT 2 17.05, 9 df, P = 0.048), while the other microsatellite marker (GATA) 14 did not show evidence of transmission disequilibrium. As shown in Table 3 , the most significant transmission disequilibrium was observed for one allele of a complex (CT) 4 -TT-(CT) 8 -(GT) 24 marker. Haplotype MTDT 2 was 18.05, 15 df, P = 0.26.
Molecular Psychiatry
Mutation screening
Because one of the (CT) 4 -TT-(CT) 8 -(GT) 24 marker alleles appeared to be overly transmitted, we further investigated AVPR1A by screening approximately 2 kb of 5′ flanking region and the entire coding region. A total of 10 SNPs (one from the 5′ flanking region, five from the 5′ untranslated region (5′ UTR), four from the coding region) were identified ( Table 4) . One of the coding SNPs changed the 6th amino acid Gly to Ser. This SNP was only observed in two unrelated African-American subjects. No other polymorphisms or mutations were detected from the subjects screened in the present study.
Discussion
In the present study, a microsatellite was studied near the position of the microsatellite found in the 5′ flanking region of the prairie vole AVPR1A. This sequence was found to be highly variable with 16 alleles in the 115 studied trios. Interestingly, this microsatellite showed nominally significant transmission disequilibrium with autism, with one uncommon allele found to be transmitted nine times to one non-transmission from heterozygous parents. In addition, sequence variants were identified in the 5′ flanking, 5′ untranslated, and coding regions. Important caveats are that only 10 subjects were sequenced and none of these were from affected sibling pairs. Sequencing of a larger number of subjects, including those from families with two or more affected individuals may have identified additional variants, possibly of functional significance. A number of family-based studies showing nominally significant, but not genome-wide significant, association have been published in autism. [11] [12] [13] [14] [15] However, with the possible exceptions of one replication at the GABRB3 locus 16 and inconsistent replication with opposite alleles at the serotonin transporter promoter length polymorphism, [17] [18] [19] [20] these studies have not been replicated to date. Even family-based association studies must be met with some skepticism until replicated in an independent sample. Furthermore, since association at multiple genes has been tested in this particular sample of trios with autism, Bonferroni correction would be necessary to establish an accurate significance value. Since such correction for two markers typed at this locus would reduce the nominally significant finding to non-significance, the association between AVPR1A and autistic disorder must be viewed as exploratory. However, it must be noted that the nonsignificant result after Bonferroni correction needs to be considered in the context of low power to detect the relatively weak association expected at a marker in a complex genetic disorder with as many as 100 loci estimated to contribute and expected genetic heterogeneity. 21 As it awaits replication, this study presents some interesting questions for further study. First, if association between autism and this upstream repetitive Figure 1 Schematic drawing of human AVPR1A, m1 to m4 represent microsatellite markers: m1-(GT) 25 ; m2-(CT) 4 TT(CT) 8 (GT) 24 ; m3-(GATA) 14 ; m4-(GT) 14 (GA) 13 (A) 8 . m2 and m3 were typed in this study. 1 to 10 represent SNP markers identified in present study; ATG, start codon; TGA, stop codon. element is confirmed, then future studies might examine the relationship between this polymorphism and gene expression in the human. As in the prairie vole, this repetitive sequence itself may regulate expression, or, alternatively, it may be in linkage disequilibrium with a relevant variant. Furthermore, implication of a functional variant at this locus in autism may extend to regulation of social behavior in the general population, as a quantitative trait locus. Given that a substantial minority of patients with fragile X mental retardation have symptoms of pervasive developmental disorder, the identification of AVPR1A as a target of FMRP is of interest. 22 In summary, nominally significant transmission disequilibrium between an AVPR1A microsatellite and autism was found and awaits confirmation, particularly since this association was not significant after Bonferroni correction. Several SNPs were identified, which may be useful for further association studies.
